The possibility of crystallization of ZSM-5 with high Si/Al ratio was evaluated through the combined use of crystallization seeds and organic compounds that are not conventional directing agents for methylamine, ethylamine, propylamine, butylamine, isopropylamine and diethylamine) in order to find a less toxic and costly route of synthesis. In addition, the influence of the stirring during the crystallization step on the properties of the ZSM-5 obtained in these synthesis conditions was verified. The obtained zeolites were analyzed by X-ray diffractometry in order to understand the effects of the templates. The analyses of NH 3 -TPD, nitrogen adsorption, SEM, and TG/DTA were performed for the samples with better crystallinity. The procedure was successfully employed for the synthesis of MFI samples using propylamine as an alternative structure-directing agent. Its mean crystallite size ranged from 23 to 24 nm and was efficient in the cracking reaction of n-hexane.
INTRODUCTION
ZSM-5 is a zeolite of the pentasil family, whose porous structure is based on three-dimensional SiO 4 and AlO 4 networks [1] . Its structure is composed of two channels systems with an aperture formed by ten member-interlocking rings. Due to the diameter and shape of the channels, the ZSM-5 is distinguished by its shape selectivity that allows its use as a catalyst in several important industrial processes [2] , such as isomerization of xylenes [3] , disproportion of toluene, alkylation of toluene with methanol, alkylation of benzene with ethylene [4] , and conversion of alcohols to light olefins, mainly ethene and propene [5, 6] . The quaternary ammonium cation, tetrapropylammonium, is the main compound used to obtain the crystalline structure of ZSM-5 zeolite according to the original Mobil Oil Co. procedure [7] , however, this molecule is costly and presents considerable toxicity. For this reason, several studies have investigated substitutes to this compound. Lok et al. [8] have shown that quaternary ammonium compounds are not essentials for the crystallization of ZSM-5 zeolite. Some studies indicate that the ZSM-5 can be obtained in the presence of aliphatic amines [9] , diamines [10] [11] [12] , alkanolamines [13] , glycerol [14] , dodecylbenzenesulfonate [15] , aliphatic alcohols and ammonia [16] . In order to replace part of these high-cost organic nitrogen compounds, or even to suppress their use, some studies have evaluated the use of co-directing agents and seed crystals [17] . The co-directing agents employed are generally low molecular weight alcohols, such as ethanol or simple (low-carbon) amines. These are used together with a structure-directing agent with the purpose of reducing the amount of expensive nitrogen compounds employed in the synthesis and improving the final properties of the zeolite [18] . The use of seeds consists in adding to the reaction mixture crystals of ZSM-5 previously synthesized or zeolite crystals with similar structures, such as silicalite. The use of seeds in the synthesis without the addition of structuredirecting agents inhibits the formation of defects and impurities and reduces the crystallization time [19] . The final properties of the zeolite formed may be improved with the addition in different concentration of seed crystals obtained and/or activated by various processes. The seeds can be formed by crystals of different sizes and morphologies [20] and can be combined with an alternative structure-directing agent [18] .
ZSM-5 with high silica content was recognized to be advantageous because it presents a lower acidity level, which in many catalytic reactions could reduce the tendency for coke deposition, which typically occurs in this type of material [21] . Zeolites with high silica content are generally prepared from reaction mixtures containing quaternary ammonium cations. The use of these compounds, which are used as structure-directing agents (SDA) and charge balancing cations, increasing the cost of synthesis of the final catalyst, in addition to presenting a certain level of toxicity [19] . The addition of crystals seeds is an easy and efficient practice to control the formation of a certain zeolitic phase, in addition to reducing the time of synthesis. However, Mendonça [22] , Lowe et al. [23] , and Wu et al. [24] reported that they did not succeed in the synthesis of high silica ZSM-5 zeolite by the seed-induced method, without the addition of conventional organic directing agents, due to the appearance of competitive phases. Only from reaction mixtures with SiO 2 /Al 2 O 3 ratio of 50, it was possible to obtain ZSM-5 zeolite samples with high crystallinity (close to 100%) [22] . Samples synthesized with reactional mixtures of SAR=100 resulted in materials with low MFI phase crystallinity due to the appearance of the concurrent cristobalite phase [22] . Narayanan et al. [25] found that the synthesis of ZSM-5 zeolite from gels without the addition of SDA with SiO 2 /Al 2 O 3 ratio greater than 50 produces large amounts of the condensed α-quartz phase together with the ZSM-5. In this system, a progressive reduction of the specific surface area with the increase of the SAR was also observed, probably due to increased contamination with α-quartz.
The synthesis of ZSM-5 has been studied with the application of different amines instead of TPAOH or TPABr used as SDA in conventional methods [26] . The organic amines appear to provide a tetrahedral coordination environment, directly providing centers capable of directing the crystallization of the zeolitic phase; this accelerates crystallization in contrast to other systems. This approach allows the synthesis of the high-crystallinity ZSM-5 zeolite with different structure-directing agents, carefully controlling the synthesis conditions [27] . The present study reports the crystallization of the ZSM-5 zeolite with high SiO 2 /Al 2 O 3 ratios using crystallization seeds under static and agitated conditions, varying the synthesis parameters such as time, organic/SiO 2 and OH/SiO 2 ratios, using different amines and ethanol as alternative structure-directing agents.
EXPERIMENTAL
Reagents: the samples were synthesized from gel compositions described in the second column of Tables  I and II propylamine -PRO (99%, Fluka), butylamine -BUT (99.5%, Sigma-Aldrich), isopropylamine -IPA (99.5%, Sigma-Aldrich), and diethylamine -DIE (99.5%, Sigma-Aldrich). A commercial ZSM-5 sample (Zeolyst, CBV 2314) was used as a source of seed crystals (in the concentration of 10% w/w of seed crystals in relation to the amount of silica used in the gel). Synthesis: the mixtures were performed according to the following procedure: H 2 SO 4 was added to 40% of H 2 O (solution A), Al 2 (SO 4 ) 3 .18H 2 O was dissolved in 50% of H 2 O (solution B), and solution A was added to solution B (resulting in solution C). Sodium silicate was added to solution C under stirring (to obtain solution D). Structuredirecting agents were added to solution D, the mixture stirred for 40 min and, in the last step, the seed crystals dispensed in 10% of water was added. The gel was kept under stirring until its complete homogenization (approximately 10 min). Then it was transferred to 70 mL stainless steel autoclave lined with polytetrafluoroethylene (PTFE) and heated at 170 °C for 15 to 24 h. For comparison, the best samples obtained in static conditions (Table II) were synthesized under agitated conditions in a furnace (Tecnal, TE-028) capable of rotating the autoclaves at 60 rpm. The other parameters of synthesis were identical to those used in experiments under static conditions. The obtained products were washed with distilled water until it reached neutral pH and the solids were separated by vacuum filtration and dried in an oven for 24 h at 100 °C. The samples were calcined at 550 °C with a heating rate of 2 °C.min -1 for 6 h, under an air flow of 100 mL.min -1 . The ion exchange was performed twice with solution 0.5 M of NH 4 NO 3 (98%, Sigma-Aldrich) at 80 °C for 1 h. The solids were centrifuged and washed to neutral pH, oven dried at 100 °C for 24 h, and then calcined under air flow (100 mL.min -1 ) using a heating rate of 2 °C.min -1 up to 550 °C for 3 h.
Characterizations: the analysis of X-ray diffraction (XRD) were performed using a Shimadzu XRD-6000 diffractometer with Ni-filtered and monochromatic radiation CuKα (λ=0.1542 nm, voltage=40 kV, current=30 mA). The relative crystallinity of the synthesized samples was calculated according to [28] , using areas of the diffraction peaks located in the 2θ range between 22° and 25°, comparing the peak areas of a standard sample (which was assumed to be 100% crystalline). The mean crystallite diameter was estimated by the Scherrer equation [29] using the main diffraction peaks of the ZSM-5 phase. Nitrogen adsorption at -196 °C was performed on a Micromeritics ASAP 2020 instrument in the P/P 0 interval between 0.04 and 0.99. The samples were treated at 350 °C for 24 h prior to nitrogen adsorption. The specific surface area (S BET ) was calculated by the BET method, and the external area (S E ), microporous area (S Mic ), total volume (V T ), and microporous volume (V Mic ) were obtained by the t-plot method. The acidity of the samples was measured by NH 3 -TPD using a Termolab multipurpose analytical system (SAMP3). The samples were treated at 500 °C in a helium flow of 30 mL.min -1 for 1 h, then cooled to 100 °C and submitted to adsorption of ammonia until saturation of the acid sites. The desorption was carried out in the range of 100 to 800 °C at 10 °C.min -1 . The samples of zeolites formed were submitted to chemical analysis in a Shimadzu EDX-7000 energy dispersive X-ray fluorescence spectrometer to determine the SiO 2 /Al 2 O 3 ratio. The size and particle morphology of the samples were observed by scanning electron microscopy (SEM) in a Hitachi S-3400N microscope. The thermal stability of the materials was studied through the thermal decomposition curves obtained in a thermobalance Shimadzu DTG-60H. The samples were heated at a rate of 10 ºC.min -1 , starting at room temperature up to 800 °C, under a dynamic synthetic air atmosphere with a flow rate of 50 mL.min -1 .
Catalytic test: the cracking tests of n-hexane (99%, Sigma-Aldrich) were performed in a fixed bed tubular quartz microreactor (3.17 mm i.d.) in a TCAT-3 catalytic titration unit, Termolab. 100 mg of zeolite supported on 200 mg of quartz wool, at 550 °C, atmospheric pressure and space-time of 0.54 h were used. The products were analyzed on a Shimadzu GC-2014 chromatograph with Na 2 SO 4 /Al 2 O 3 capillary column (0.53 mm in diameter and 30 m in length).
RESULTS AND DISCUSSION
Physicochemical property: Fig. 1 shows the X-ray diffraction profiles of the synthesized samples with high relative crystallinity. Only the sample Z2 presented the characteristic peaks of ZSM-5 with no other observed peak, indicating high purity ( Fig. 1a ). When the amount of ethanol and the OH/SiO 2 ratio was increased, ZSM-5 formation was observed along with a magadiite lamellar phase, indicating that the amount of ethanol was one of the parameters that controlled the formation of ZSM-5. Martens and Jacobs [30] have suggested that alcohols serve as pore-filling agents and therefore do not have a directing function as well as primary amines. In all the samples synthesized with the addition of amines, the ZSM-5 and magadiite phases were obtained. The mechanism for the formation of the ZSM-5/magadiite compounds is not fully understood, as it is not necessary to use any SDA to obtain magadiite. Several studies report the synthesis of magadiite, where the ratio SiO 2 :NaOH has been in the range of 1:0.2 to 1:9 [31] [32] [33] [34] [35] [36] . The ratio of SiO 2 :NaOH used in the experiments was from 1:0.32 to 1:0.34, whereby the amount of NaOH used in the syntheses favored the formation of magadiite, leading to the formation of several segregated areas classified in zeolitic and lamellar regions, as illustrated in Fig. 2 
Zeolite phase
Lamellar phase Na 2 O species in the lamellar region needed to be higher than in the zeolite region to induce the hydrolysis of highly silicic aluminosilicate species to magadiite [37] . From the most crystalline samples, the syntheses thereof were carried out under agitation. Table IV shows the phase identification of these samples. The ZSM-5, magadiite and cristobalite phases exhibited identical patterns to those of the JCPDS files 42-0023, 42-1350 and 24-0689, respectively. The sample Z9-S had only the phases ZSM-5/magadiite, the sample Z13-S presented the phases ZSM-5/magadiite/cristobalite and all other samples presented ZSM-5/cristobalite (Fig. 1c) . The formation of cristobalite may possibly be attributed to agitation in conjunction with extended times of synthesis and can be controlled by adjusting its conditions. It is suggested that the degradation of the ZSM-5 crystal lattice is not associated with the primary conversion of ZSM-5 to cristobalite. Rather, the ZSM-5 lattice in the crystallization is broken initially leading to the accumulation of an amorphous product that is subsequently converted to cristobalite at higher temperatures [38] . In view of the obtained results of crystallinity, the best samples were submitted to calcination and subsequent ion exchange. Through the XRD patterns ( Fig. 3) there was a complete disappearance of the magadiite lamellar phase after calcination and ion exchange. A possible explanation for the magadiite phase decomposition after calcination may be due to the reconfiguration of the lamellar plates in linear chains after the removal of the SDA, the zig-zag channels being reconstructed by connecting linear channels, thus obtaining the pure MFI structure [39] .
The adsorption-desorption isotherms of N 2 and the pore size distribution profiles by BJH are shown in Fig. 4 . Samples Z12 and Z14 showed isothermal profiles of type I, and samples Z5, Z9 and Z13 demonstrated a combination of two types I and IV, which are characteristics of microporous and mesoporous materials, respectively, according to the IUPAC classification. The strong adsorption in the region of low relative pressure (P/P 0 <0.1) is a typical characteristic of microporous materials. The hysteresis loop that appeared in the desorption isotherms in the range of relative pressures of P/P 0 >0.45 is usually associated with the capillary condensation occurring in the mesopores. The shape of the hysteresis loop was similar to type H4, which indicated the presence of slit-like pores; in another interpretation, type H4 may evidence the presence of large mesopores introduced into a microporous matrix. Samples Z5 and Z9 presented the highest amount of nitrogen adsorption, whereas the rest of the samples presented lower adsorptions at high relative pressures, suggesting that these materials had an open surface with trimodal porosity that allowed continuous capture and formation of multiple layers of adsorbate with the increase of P/P 0 [40] . According to the pore size distribution by the BJH method using the adsorption isotherm, samples Z5, Z9 and Z13 exhibited a bimodal porosity, in the range of 0 to 50 nm, with the presence of microporous (below 2 nm) and mesoporous (between 2 and 50 nm). Also due to the smooth slope of the isotherms in the range of relative pressure P/P 0 >0.45, it may be due to the formation of nanocrystallite aggregates, which generate intercrystalline mesoporosity. However, samples Z12 and Z14 indicated predominantly microporous materials.
The textural properties of the ZSM-5 samples were measured using the N 2 adsorption data by the BET, t-plot and BJH methods. As can be seen in Table V , the products of ethanol-synthesized systems presented lower values of the specific surface area, as well as a low degree of crystallinity. This can be attributed to the physicochemical properties of ethanol, which did not provide a tetrahedral center suitable for the organization of silica and alumina precursor compounds during crystallization, nor did it influence the pH of the gel [27] , thus requiring a greater amount of structuredirecting agent. According to Uguina et al. [41] , ZSM-5 does not crystallize in the presence of ethanol at high SiO 2 /Al 2 O 3 [27] , thus requiring a lower SDA/SiO 2 ratio. The micrographs of the ZSM-5 catalysts that were prepared using different compositions are shown in Fig. 5 .
The samples synthesized under static conditions exhibited crystals characteristic of the MFI phase, with hexagonal and spherical morphologies with different sizes [27, 42] . The magadiite phase can be observed as lamella-like structures stacked in the same direction [36, 38] . The uniform size of the crystals of zeolite can be attributed to the addition of seeds to the gel, which induced the fast crystallization of zeolite [43] . In another study [44] , the materials formed presented a large cluster of crystalline faces that are inherent to the crystallization process with the addition of seeds to the reaction medium. It was concluded that the crystalline intergrowth was due to the conditions of the medium formed by the precursors together with the multinucleation provided by the insertion of the seed crystals, causing the nucleation and growth of these particles on the surfaces of the crystals already formed. Several studies [41, 43, 45] have reported that size, hydrophobicity and geometric shape of the structure-directing agent affect the form of filling and growth of the crystals, thus, various orientations and crystal morphologies are achieved. The crystal size is also related to the SAR used in the gel, although the aggregation of the crystals was favored by the presence of aluminum [40] .
In order to better understand the removal of molecules inside the pores of ZSM-5 zeolites, such as physically adsorbed water and SDA's, thermogravimetric analyses of the samples were performed (Fig. 6 ). The synthesized samples present two stages of mass loss. The first one showed the loss of continuous mass in the range of 25 to 200 ºC, related to the dehydration of the physically adsorbed water in the porous of the MFI [46] . The second step, in the range of 200 to 800 °C, may be related to the decomposition of SDA [26] and to the desorption of ammonia molecules resulting from the ammonium ion decomposition since the commercial ZSM-5 in its ammoniacal form was used as seed. A similar observation was made in [47] . Acidity of samples: the quantity and acid strength of the ZSM-5 samples were measured by NH 3 -TPD. As shown in Fig. 7 , all samples showed two major desorption peaks in the 150-300 and 300-550 °C regions, which were attributed to chemical adsorption of ammonia at weak and strong acid sites, respectively [48, 49] . In other studies [50] [51] [52] the ZSM-5 was analyzed by the NH 3 -TPD technique, where the first peak was assigned to weakly adsorbed molecules at the outer surface sites. However, it might also have been due to the interaction of NH 3 molecules with surface oxides or, another explanation could be hydroxyl groups by nonspecific hydrogen bonds or foreign material. The second peak was attributed to chemosorbed NH 3 molecules. These two peaks corresponded to the bands in the infrared (3550-3740 cm -l ) of hydroxyl groups related to surface acidity of these materials. Several authors [24, 53] report that the number of total acid sites of the zeolites decrease with the increase of the SiO 2 /Al 2 O 3 ratio, and it is expected that the Z9 sample should have the highest number of acid sites due to its lower SiO 2 /Al 2 O 3 ratio, while the Z12 sample would have a lower number of acid sites due to higher SiO 2 /Al 2 O 3 ratio, however this was not observed (Table III) . Well-crystallized MFI structures have predominantly tetrahedral Al atoms coordinated in the structure (>95%) [54] , and there are other factors besides the SiO 2 /Al 2 O 3 ratio, such as the difference in the composition of the synthesis gels that lead to possible different distributions of Al atoms in the structure, reflecting on a different acidity in the ZSM-5 samples [55] . Although all the synthesis started from the same SiO 2 /Al 2 O 3 ratio, the acidity difference can be caused by the nature of the SDA, resulting in the formation of Al extra lattice species (EXFAL), which have a low ammonia adsorption capacity compared to the structural Al species (FAL).
Catalytic properties: the performance and distribution of the catalytic cracking products of n-hexane under the HZSM-5 zeolites are listed in Table VI . All samples were effective in the n-hexane cracking reaction. The Z9 sample, synthesized with propylamine with ratios SDA/SiO 2 =0.1 and OH/SiO 2 =0.2, presented the highest activity, despite not showing strong acidity when compared to the other samples, according to NH 3 -TPD results. It has been described that in the cracking of n-hexane, the most important is the number of strong acid sites and not the acidic force [55] . It has already been shown that the catalytic activity for the cracking of n-hexane is proportional to the aluminum structure [56] . However, in our tests, the results of the conversion did not show that. The greater activity demonstrated by the Z9 sample may be due to better accessibility of the reagents to the acid sites. It has been reported that accessibility to acid sites is the main factor that influences catalytic activity, rather than acidic force [57] . The coexistence of structural aluminum intra and extra lattice in the sample Z9 may be the reason for higher activity [58] [59] [60] . The product distributions are shown in Table VI , where all samples exhibited preferential selectivity in the following order propene>propane>ethene>ethane.
CONCLUSIONS
The methodology of introducing seed crystals together with an alternative structure-directing agent developed in this study revealed a process where ZSM-5 with high-silica contents can be synthesized according to the parameters adopted. The increase of the OH/SiO 2 and SDA/SiO 2 ratios favored the formation of the lamellar magadiite phase, and when the system was agitated, the concurrent phase cristobalite was observed in the X-ray diffraction profiles. It was observed that these products occur in reaction mixtures with high SiO 2 /Al 2 O 3 ratios. The addition of ethanol was less efficient since the results indicated that this compound was partially incorporated in the lattice, thus requiring a larger amount to achieve a significant effect. In contrast, the addition of propylamine directed the crystallization of the material in 18 h of hydrothermal crystallization. The catalytic test indicated that the SiO 2 /Al 2 O 3 ratio interfered in the performance of the catalyst, which was directly linked to the strength and concentration of the acid sites of the material.
